Betaine critically contributes to the control of hepatocellular hydration and provides 31 
Introduction 80
Betaine (N,N,N-trimethylglycine) plays a key role in the control of hepatocellular 81 hydration and hepatoprotection from different kinds of stress (17) . Hepatocellular 82 betaine is a product of the choline dehydrogenase (CHDH) catalysed catabolism of 83 choline and can subsequently be further metabolised to dimethylglycine, sarcosine 84 and glycine. These steps are catalysed by betaine-homocysteine methyltransferase 85 (BHMT), dimethylglycine dehydrogenase (DMGDH), and sarcosine dehydrogenase 86 (SARDH), respectively. ) mice present with long-term betaine and choline depletion and serve as a 93 model for malfunctioning organic osmolyte metabolism (23) . 94
Changes in the cellular hydration state are induced by shifts in ambient osmolarity or 95 by hormones, amino acids and oxidative stress (18, 20) . Small variations in cell 96 volume activate signal transduction cascades that contribute to the control of cellular 97 functions at the levels of gene expression, metabolism, and stress tolerance (21) . 98
Whereas a release of betaine from liver in response to hypotonic perfusion has been 99 documented before (27) , knowledge about a potential cell volume dependent 100 regulation of the expression of enzymes involved in betaine metabolism is missing. 101
We have recently shown that the expression of BHMT, which catalyzes the 102 remethylation of L-homocysteine to L-methionine, is highly sensitive to cell volume 103 changes (16) 
RNA preparation and quality control 165
Total RNA from cells was prepared with the RNeasy Midi Kit (Qiagen GmbH, Hilden, 166 Germany). The amount and quality of the RNA was tested spectrometrically 167 (absorption 220nm -350nm) and by capillary electrophoresis (Bioanalyzer, Agilent 168
Technologies Inc., Palo Alto, CA, U.S.A.). 169
170

RT-PCR-analysis of mRNA expression 171
To determine mRNA expression levels, we used real-time PCR. Cytochrome C 172
Oxigenase subunit IV (Cox IV) mRNA expression was unaffected by our 173 experimental design and was used as a reference. Primers were designed for each 174 transcript with the help of the "FastPCR" program (8) . RT and PCR were done in a 175 single-step procedure using the QuantiTect SYBR Green RT-PCR kit from Qiagen 176 (Hilden, Germany) with 20ng of total RNA as a template and with a final primer 177 concentration of 8pmol/µl. Real-time PCR was performed on the Applied Biosystems 178 7700 sequence-detection system (Applied Biosystems, Foster City, CA). The 179 specificity of amplification was determined by dissociation curve analysis. Cycle 180 threshold (Ct) values were calculated with SDS 2.3 (Applied Biosystems, Weiterstadt) 181 using default parameters. The relative difference in target cDNA concentration was 182 determined by Δ Conc = 2 (CtA -CtB) , where A is the experimental sample and B 183 represents the respective control. A and B each represents the mean from three 184 independent measurements. All mRNA/cDNA concentrations were normalized for 185 concentrations of Cox IV mRNA/cDNA in the same sample. Differences in expression 186
were displayed as log-ratio according to: cDNA. The direct labelling with Cye3-dUTP (GE Healthcare Europe, München, 212
Germany) was performed with Oligo-dT primers through the CyeScribe-Kit (GE 213
Healthcare Europe, München, Germany). Unincorporated dye was removed with 214
QIAquick PCR columns (Qiagen GmbH, Hilden, Germany). 215
216
Oligonucleotide Array Production 217 280 mouse oligonucleotide probes and 4 negative controls were designed using 218
OligoWiz (14) and synthesized from Operon (Cologne, Germany). The probes are 219 70-mers with an average T m = 79°C and 5'-amino group with a C6 spacer. They were 220 dissolved in Genetix Micro Array Spotting Solution (Genetix, New Milton, UK) to a 221 final concentration of 50pmol/µl and were printed as 2x2 replicates with a QArray 2 222 (Genetix, New Milton, UK) at 55% relative humidity and room temperature on Corning 223
UltraGAPS (Corning, Lowell MA, USA). The amino-modified probes were covalently 224 bound to the surface by UV crosslinking (600mJ) according to the protocol from 225
Corning. The quality of the printing process was proofed with test hybridization using 226 SpotCheck (Genetix, New Milton, UK). 227
228
DNA Microarray hybridization and fluorescence determination 229
The fluorescence labelled cDNA was dissolved in hybridization buffer, denaturated 230 and injected in a Tecan HS400pro hybridization station (Tecan Deutschland GmbH, 231
Crailsheim, Germany). Hybridized oligonucleotide arrays were visualized with a Fuji 232 Only the 50% upper values were used. The mean value of the four replicates from 241 one array was calculated. Clear artefacts resulting from dust, salt crystals etc were 242 deleted. In a next step, the median normalized intensity for a specific condition was 243 calculated from four arrays. Genes with a signal of less than 10 under all 244 experimental conditions, implying a signal to noise ratio below 2.5, were declared as 245 
N(condition), median of normalized intensity 248
This ratio was used to define five classes of genes. A ratio in the range ± 0.18 was 249 declared as unregulated. A ratio from ± 0.18 to ± 0.30 indicates a moderate 250 regulation. Genes with a ratio >0.30 were upregulated or with a ratio < -0.30 were 251 downregulated. 252
253
HPLC-ESI tandem mass spectrometry 254
Metabolites in cell and tissue lysates and in the medium were measured by HPLC-255 ESI tandem mass spectrometry as described before (16 increased Bhmt mRNA concentration significantly after 8h (Fig. 2a) . Bhmt expression 267 reached maximum levels after 16h, consistent with the reported expression profile 268 over 24h (16) . Hypertonic incubation of H4IIE cells resulted in a significant reduction 269 in mRNA expression already after 4h, reaching a minimum level at 8h, which 270 remained constant up to 24h. 271 Furthermore, we found that Dmgdh mRNA expression was highly sensitive to cell 272 volume variation (Fig. 2b) . Hypotonic incubation induced a significant upregulation of 273 Dmgdh mRNA expression up to 5.1-fold (log ratio 0.70) after 24h compared to the 274 respective mRNA levels found in the isotonically treated cells. Hypertonic incubation 275 led to a downregulation of Dmgdh mRNA expression to 0.2-fold (log ratio -0.76) after 276 8h (Fig. 2b) . We observed a modulation of Dmgdh mRNA expression already after 4h 277 of anisotonic treatment. 278
Sardh mRNA expression (Fig. 2c) showed a similar but weaker pattern of 279 osmosensitivity: A small but significant upregulation of Sardh mRNA (1.3-fold or log-280 ratio 0.12) was noted after 16h of hypotonic treatment and a significant decrease in 281
Sardh mRNA levels already after 4h. 282
Choline kinase (CHK) catalyses the first step of phosphatidylcholine synthesis 283 converting choline to phosphocholine (Fig. 1 ). Expression studies of Chk mRNA ( (log ratio 0.32) after 4h of hypertonic treatment and returned to control levels after 8h. 289
The mRNA expression of choline-phosphate cytidyltransferase 1 alpha (PCYT1a), 290 encoding the enzyme CTP:phosphocholine cytidylytransferase (CCTα) that catalyses 291 the conversion of phosphocholine to CDP-choline, showed no significant 292 osmosensitivity within 24h of anisotonic treatment (Fig. 2e) . Moreover, mRNA 293 expression of Pemt, encoding phosphatidylethanolamine N-methyl transferase 294 (PEMT) which generates phosphatidylcholine from phosphatidylethanolamine in 295 three consecutive reactions (25) , was essentially insensitive to changes in ambient 296 tonicity (Fig. 2f) . 297 MTHFR catalyses the reduction of 5,10-methylenetetrahydrofolate to 5-298 methyltetrahydrofolate which is required as methyl group donor for the methionine 299 synthase dependent remethylation of homocysteine ( Fig. 1) . Mthfr mRNA expression 300 was largely insensitive to hypotonic cell swelling but was potently upregulated up to 301 1.7-fold (log ratio 0.22) after 8h in hypertonic conditions (Fig. 2g) . 302
Expression of mRNA encoding methionine synthase (MS or MTR), which catalyzes 303 the methyl transfer from 5-methyltetrahydrofolate onto homocysteine to form 304 methionine ( Fig. 1) , showed no consistent response to changes of ambient 305 osmolarity (Fig. 2h) . Cystathionine-β-synthase (CBS) initiates the degradation and 306 removal of homocysteine from the methionine regeneration cycle (Fig. 1) . Cbs mRNA 307 expression showed a slight reduction under hypertonic conditions while hypotonic 308 swelling was apparently without effect on its expression levels (Fig. 2i) . 
mice. 326
The hypertonic decrease (0.5-fold, log ratio -0.25 in wild-type and 0.4 fold, log ratio 327 0.35 in Mthfr -/-mice) did not differ between the genotypes. 328
Dmgdh mRNA levels (Fig. 3b ) in primary hepatocytes of both genotypes were 329 significantly upregulated in a hypotonic environment 2.5-fold (log ratio 0.39) in wild-330 type and 2.7-fold (log ratio 0.43) in Mthfr -/-mice, respectively. Unlike in H4IIE cells, 331
we found no effect of hypertonic stimulation on Dmgdh mRNA expression in primary 332
hepatocytes. 333
Correlating to the changes of Sardh mRNA expression induced by anisotonic 334 incubation of H4IIE cells, we found a significant reduction of Sardh mRNA expression 335 to 0.6-fold (log ratio -0.29) after 24h of hypertonic stimulation in wild-type primary 336 hepatocytes. We found no significant changes in Sardh mRNA expression in Mthfr -/-337 cells however (Fig. 3c) . 338
Choline dehydrogenase (CHDH) that catalyzes betaine synthesis from choline ( Fig.  339   1) was not affected by hypotonic stress. It was however significantly upregulated 2.0-340 fold (log ratio 0.29) and 1.5-fold (log ratio 0.16) under hypertonic conditions in 341 hepatocytes from wild-type and Mthfr -/-mice, respectively (Fig. 3d) showed a significant increase (1.4-fold or log ratio 0.14) of Chk mRNA concentration 349 after a 24h of hypertonic incubation (Fig. 3f) . 350
In contrast to results in H4IIE cells, the expression of Cbs mRNA was significantly 351 increased by hypotonic incubation in both wild-type (2.1-fold, log ratio 0.32) and 352
Mthfr
-/-(1.6-fold, log ratio 0.20) hepatocytes ( The enzyme DMGDH catalyses the degradation of dimethylglycine to sarcosine and 367 prevents substrate inhibition of BHMT. When we further investigated the sensitivity of 368 Dmgdh mRNA expression in H4IIE cells to more subtle changes in ambient 369 osmolarity we found upregulation starting at 255mosmol/l and downregulation 370 starting at 371mosmol/l (Fig. 4) . This surprisingly strong effect of a variation in cell-371 volume on Dmgdh mRNA expression is even more profound than the effect on BHMT 372 that we found in our previous study (16) . 373
374
DMGDH and SARDH protein expression appears to follow changes in gene 375
expression in H4IIE cells 376
In a previous study, we reported that the osmosensitive changes of Bhmt mRNA 377 expression in H4IIE cells were mirrored by respective changes in BHMT protein 378 expression and activity (16) . In this study, we are able to provide preliminary 379 evidence that DMGDH protein levels also follow the changes in Dmgdh gene 380 expression (Fig. 5a) . After 48h of incubation, Dmgdh expression was increased 381 under hypo-and decreased under hypertonic conditions in H4IIE cells. Moreover, the 382 osmosensitivity of Sardh mRNA expression (Fig. 2c) seems also be reflected at the 383 protein level, albeit to a lesser extent (Fig. 5b) . Reliable quantification of protein 384 expression changes was however not possible. Signal cascades relaying cell volume changes to Dmgdh mRNA expression were 390 characterised by using varied pharmacological inhibitors (Fig. 6) .
(PKA) inhibitor (6) and the broad-spectrum kinase inhibitor H7 completely abolished 396 both the hypertonic suppression and the hypotonic increase of Dmgdh mRNA 397 expression levels. Gö68960, a PKC inhibitor with broad specificity (13), showed no 398 effect, thus indicating that PKC is not involved in mediating the osmosensitivity of 399 Dmgdh mRNA expression. Wortmannin, an inhibitor of the phosphatidylinositol 3 400 (PI3) kinase, had no effect on modulation of Dmgdh mRNA expression. In addition, 401 the highly specific mammalian target of rapamycin (mTOR) inhibitor rapamycin, at 402 concentrations, which were able to block insulin signalling towards the mTOR 403 downstream targets 4E-BP1 and p70 S6-kinase in H4IIE cells (12) and the p38-type MAPK in these cells (19, 28) . PD098059, SB220025 and 409 SP600125 inhibit signalling via Erk-1/Erk-2, p38, and JNK, respectively (2, 4, 7) and 410 were used to study a potential role of MAPKs in Dmgdh mRNA suppression through 411 hypertonic incubation. Although all these compounds are known to be effective in 412 H4IIE cells (11, 12, 19) only SP600125 was able to affect the hypertonicity-related 413 suppression of Dmgdh mRNA expression, whereas PD098059 and SB220025 were 414
ineffective. 415
These data suggest an involvement of tyrosine kinases, cyclic nucleotide-dependent 416 protein kinases and JNK-dependent signalling in mediating the osmosensitivity of 417 Dmgdh mRNA expression. 418 419
Concentrations of betaine and related metabolites are altered in Mthfr
-/-mouse 420 liver and in H4IIE exposed to anisotonic medium 421
We had previously documented changes in betaine and DMG concentrations in 422 H4IIE cells (16) . To extend these observations we exposed H4IIE cells to anisotonic 423 conditions for 24h and analysed concentrations of choline, homocysteine and 424 methionine in cell lysate and supernatant by tandem mass spectrometry. As shown in 425 (Fig. 7b) . Intra-and extracellular concentrations 432 of methionine tended to be reduced under hypotonic conditions whereas hypertonic 433 incubation led to significantly increased intracellular methionine concentrations and a 434 trend to higher concentrations in medium (Fig. 7c) . 435
The consequences of MTHFR deficiency on the betaine-related metabolite profile in 436 liver and plasma of wild-type, heterozygous, and Mthfr -/-mice has been previously 437 20 extensively studied (22) . We measured metabolite and organic osmolyte 438 concentrations in a small number of experimental animals to confirm results under 439 present experimental conditions. As expected, the concentration of betaine in livers 440
of Mthfr -/-mice was significantly reduced (Fig. 8a) , probably due to a compensatory 441 increase in remethylation activity via BHMT, whereas plasma betaine concentrations 442 remained largely unchanged (Fig. 9a) . Choline concentrations in liver or plasma were 443 not dependent on Mthfr genotype (Figs. 8b and 9b ) which confirms previous results in 444 the same animal model (22) . The product of the BHMT-catalysed remethylation 445 reaction is dimethylglycine (DMG). DMG concentrations in liver showed a trend 446 towards lower levels with reduced MTHFR activity that was however not significant 447 (Fig. 8c) . Plasma metabolite concentrations showed no differences between 448 genotypes (Fig. 9c) (Figs. 8h and 8g) . The concentrations of the organic osmolytes taurine (Fig.  457 8f) and GPC (Fig. 8i) were not significantly altered in relation to the Mthfr genotype. that of their wild-type C57BL/6 littermates. A signal to noise ratio ≥ 2 was considered 465 a detectable target and a total of 104 targets were detectable of which 38 were 466 differentially expressed targets in Mthfr -/-mice (see Table 1 ). Gene expression levels 467
were assessed using logarithmized ratios between Mthfr The genes coding for Carbamoyl-phosphate synthase 1 (Cps1) and Glutaminase 2 475 In this paper, we are able to demonstrate for the first time that variations in ambient 484 osmolarity induce synergistically co-ordinated changes in the expression of genes 485 that direct the metabolism of the organic osmolyte betaine in hepatocytes. We can 486
show that the expression Dmgdh and Sardh is upregulated together with Bhmt in 487 hypotonic, but downregulated under hypertonic conditions. This supports previous 488 suggestions that betaine is a relevant organic osmolyte in liver and that its availability 489 is regulated to adjust to cell volume changes. In addition, the upregulation of mRNA 490 expression of CHDH and CHK that catalyze the first step of betaine formation and 491 GPC synthesis, respectively, together with a trend for increased expression of PEMT 492 that promotes methylation of phosphatidylethanolamine for GPC production, all 493 indicate a mechanism of co-ordinated cellular adaptation to a hypertonic environment 494 and cell shrinking. 495
The synchronised regulation of the expression of mRNAs coding for enzymes related 496 to betaine metabolism was observed in both hepatoma cells and cultured primary 497 hepatocytes (Figs. 2 and 3) , suggesting that it is not a phenomenon merely related to 498 cell transformation. Pharmacological characterization as shown in Fig. 6  499 demonstrates that tyrosine kinases and cyclic nucleotide-dependent protein kinases 500 as well as the JNK signalling pathway relay cell volume changes to regulate Dmgdh 501 expression, similarly to what we previously described for Bhmt (16) . The modulation 502 of Dmgdh expression through the same signalling pathways as Bhmt supports the 503 notion that betaine metabolism is co-ordinated of at the level of gene expression. 504
505
Betaine is an important osmolyte in kidney where its intracellular concentration is 506 mainly regulated by transport through the betaine transporter BGT1 (see 9 for a 507 review). Betaine concentration in liver tissue is relatively low under physiological 508 conditions but can reach millimolar concentrations with betaine supplementation (23) . 509
In liver, betaine derives from choline in hepatocytes and seems to be predominantly 510 stored in liver macrophages and sinusoidal endothelial cells from where it is released 511 in response to hypotonic cell swelling. Hypertonic incubation does however not 512 induce increased betaine uptake into cultured rat hepatocytes (27) . It was recently 513 demonstrated that BGT1 is strongly expressed in murine hepatocytes (29) 514 suggesting a prominent role for betaine transport in liver that remains to be further 515 characterized. In this study, we provide evidence that there is an important 516 contribution of methylamine metabolism in hepatocytes to the adaptive provision of 517 betaine to liver cells. 518 H4IIE cells in culture take up choline and release betaine into the medium. We have 519 previously described the decrease of intracellular betaine concentrations after 24 520 hours of hypotonic stimulation that was caused by increased degradation and 521 transport into the medium. We also found an increase in intracellular betaine 522 concentration after hypertonic incubation due to decreased degradation and export 523 (16) . BHMT enzyme activity is strongly inhibited by excess accumulation of its 524 product DMG (3) . In this study, we found that intra-and extracellular DMG 525 concentrations were generally low under both iso-and anisotonic conditions. DMG 526 did not accumulate in the culture system even with increased betaine degradation, a 527 fact that suggests its immediate further conversion to sarcosine and glycine, probably 528 to minimize BHMT product inhibition. This view is corroborated by the increase in 529
Dmgdh and Sardh expression, the genes coding for key enzymes responsible for the 530 degradation of DMG and sarcosine to glycine. 531
In an earlier study, Lang et al. had found a low abundancy of Dmgdh mRNA but a 532 significant expression of the protein in rat liver, indicating either low expression or an 533 instable Dmgdh mRNA (9) . We performed a stability assay of Dmgdh mRNA 534 originating from H4IIE hepatoma cells (data not shown) that did not indicate 535 significant instability of this particular mRNA. Due to a poor yield of the 536 intramitochondrial protein fraction, we could only provide preliminary evidence for 537 corresponding changes of enzyme content under anisotonic conditions (Fig. 5) . The 538 observed changes in metabolite concentrations however do support changes in 539 enzyme activity in accordance with changes in gene expression. A good correlation 540 between mRNA and protein expression was shown previously for a number of 541 enzymes in the choline metabolism pathways, including Chdh and Bhmt (24) . 542
Hypotonic conditions stipulated a reduction in choline uptake and enhanced 543 homocysteine export (Fig. 7) . Since intracellular homocysteine is preferably exported, 544 the increase of homocysteine concentration in medium after hypotonic incubation 545
indicates an increase in homocysteine formation, probably due to increased 546 anabolism and demand in transferable methyl groups as well as decreased 547 availability of betaine for remethylation. The release of potentially cytotoxic 548 homocysteine constitutes another mechanism that contributes to the well-known 549 hepatoprotective effect of cell swelling (17) . 550
Intra-and extracellular concentrations of methionine tended to be reduced under 551 hypotonic conditions but were significantly increased in cell lysate after hypertonic 552 exposure with a trend to higher concentrations in medium (Fig. 7c) . Together with the 553 homocysteine data, this suggests an increase in transmethylation activity and 554 methionine consumption with hypotonic cell swelling and the opposite effect 555 occurring with hypertonic cell shrinkage. 556
557
In addition to cell cultures, we used an Mthfr -/-mouse model of severe 558 hyperhomocysteinemia to study the expression of enzymes related to organic 559 25 osmolyte metabolism ex vivo. Mthfr -/-mice display a betaine depletion phenotype that 560 to a certain extent simulates the intracellular condition after prolonged hypotonic 561 incubation. Increased catabolism of choline and betaine could potentially lead to a 562 reduction of choline availability. However, we found that Mthfr -/-animals largely 563 maintain their intracellular choline pool despite increased demands for remethylation 564 and increased production of alternative osmolytes, such as GPC (Fig. 8) . We 565 interpret this, in line with previous findings (27) , as a mechanism to maintain cell 566 Steady-state mRNA expression analysis in primary murine hepatocytes 633 isolated from mice, either wild-type (white bars) or homozygous (dark grey bars) for a 634 disruption of Mthfr. Total RNA was purified after 24 hours of stimulation and 100ng of 635 
